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Abstract
In this thesis, the Strouhal numbers from the downstream cylinder in a two cylinder configuration have
been measured experimentally. Special apparatuses were designed to secure the cylinders in the wind
tunnel as well as to hold a hot film anemometer probe in the center of the downstream cylinder’s wake.
The cylinders were smooth, of equal diameter and extended the entire width of the wind tunnel. Because
the cylinders used in this thesis were sufficiently long compared to their diameters and measurements
were taken at center span, they were assumed to be infinite. The anemometer was calibrated according
to King’s Law, enabling anemometer voltage output to be related to wind tunnel flow velocity. Power
spectra were then obtained from anemometer data using FFT. The peaks from these power spectra were
considered the dominant vortex-shedding frequencies in the cylinder wake and were used to calculate
the Strouhal number, St . St measurements were taken for different Æ, the angle between cylinders rela-
tive to the flow axis and different P/D (dimensionless cylinder pitch) spacing. In this experiment, Æ was
varied between 0 and 90± and P/D of 2, 3 and 4 were tested. In addition, measurements were taken for
three Reynolds numbers in the high sub-critical regime: Re
D
= 1.70e+04, 2.89e+04, and 3.98e+04. For
P/D spacings of 2 and 3, the Strouhal number increased at low Æ to a peak value near Æ º 6° 8±. St
then decreased before increasing towards the single cylinder value at higher al pha, though, there was
considerable scatter in P/D = 3 data after the peak St value. For P/D = 4, St monotonically increased
towards the single cylinder value for all Æ. No discernible trend between St and Re
D
was observed from
0 <Æ< 20± for P/D = 2, 3 or 4. Additionally, there was no clear correlation between the location of peak
St for P/D = 2 and 3 and Reynolds number Re
D
. However, from 20 <Æ< 90±, St were generally higher for
all P/D with increasing Re
D
. Many cylinder configurations displayed frequency doubling, or two domi-
nant vortex-shedding frequencies, with the higher frequency measuring twice as large as the other. This
indicated that the velocity signal that was obtained in the wake of the downstream cylinder was not an
exact sine wave. This was confirmed by performing time-synchronous signal averaging. The presence of
two modal frequencies represented in-phase vortex-shedding. Three vortex-shedding frequencies were
measured for select cylinder configurations. When three modes were measured, the third was twice as
large as the first, and the second mode was in between, representing out-of-phase vortex-shedding. Two
modes of vortex-shedding were observed at a large number of P/D and Æ cylinder configurations, and
three modes of vortex-shedding were found at Æ = 30 and 40± for P/D = 3.
Keywords: Flow past a cylinder, cross-flow, vortex-shedding, time-synchronous average, Strouhal num-
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Nomenclature
A : King’s Law coefficient (V2)
AR : aspect ratio
Æ : angle between cylinders relative to the flow axis











D : cylinder diameter (m)
DF T : Discrete Fourier Transform
± : momentum boundary layer thickness (m)
±/D : dimensionless momentum boundary layer thickness
E : King’s Law coefficient (V2)
F F T : Fast Fourier Transform
f : frequency of vortex-shedding (Hz)
L : cylinder length (m)
n : King’s Law exponent
P : center to center pitch spacing between cylinders (m)
P/D : pitch ratio
R : resistance (≠)
r : correlation coefficient
Re
D
: Reynolds number based on cylinder diameter
St : Strouhal number
t : pulse width (s)
t sa : Time-synchronous average
U : free-stream flow velocity (m/s)
∫ : kinematic viscosity of the flow fluid (m2/s)
x : streamwise coordinate direction (m)
y : cross-streamwise coordinate direction (m)
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1 Introduction
1.1 Background/Motivation of Subject Matter
There are many practical engineering applications where an understanding of flow interference between
multiple closely-spaced objects is critical. Some examples include the design of piers and bridges with
closely-spaced members, closely grouped buildings, twin chimney stacks, heat exchanger tubes, and
electrical transmission lines where wind loading is present [1]. Depending on the size and shape of the
objects in addition to the flow velocity and viscosity, the flow may separate or detach at some point as it
passes around the objects. The periodic separation of the flow around objects is called vortex-shedding.
Vortex-shedding can result in flow-induced structural vibration and unwanted noise. Therefore, a com-
prehension of the scenarios in which vortex-shedding occurs is advantageous to engineering designers.
The majority of situations in which flow interaction is of importance occur between closely-spaced
objects with complex geometries. It is therefore advantageous to study these interactions on simple
geometries such as smooth circular cylinders so the interactions can be examined without the complex-
ities that geometrical factors may introduce.
This thesis is a fundamental study of the wake interaction between two infinite cylinders of the same
diameter in cross-flow. The effects on vortex-shedding of the downstream cylinder due to the angle
between cylinders relative to the flow axisÆ and P/D (dimensionless cylinder pitch) spacing were inves-
tigated. In this thesis, Æ was varied between 0 and 90± and P/D of 2,3 and 4 were tested. In addition, the
effect of different Reynolds numbers on vortex-shedding was examined.
1.2 Flow Past a Single Infinite Circular Cylinder
A cylinder may be considered infinite if it is sufficiently long so that its ends have no effect on the flow
pattern being measured. For the purposes of this paper, the infinite cylinder assumption also means
that the side walls of the wind tunnel have negligible effect on the flow past the cylinder [2].
The characteristics of a flow past a cylinder which is perpendicular to the flow may be classified by the
Reynolds number regime. The Reynolds number is a dimensionless number defined by the character-










<< 1, the inertial effects of the flow can be neglected and flow around the cylinder is de-
scribed by Stokes solution [3]. In this Reynolds number regime, the flow upstream and downstream
from the cylinder are identical. When 4 < Re
D
< 40 the flow separates from the cylinder and Oseen’s ap-
proximation modifies Stokes solution to account for inertial effects in the flow [3]. In this region, velocity
near the cylinder wall decreases due to the adverse pressure gradient (meaning that the pressure gradi-
ent @P@x > 0) imposed on the boundary layer by the flow outside the boundary layer. At a location moving
towards the rear of the cylinder, this velocity will reach zero and become negative, resulting in back flow
or a re-circulation of the flow near the cylinder wall. The location where this re-circulation occurs is the
separation point [2]. The result of separation is two attached eddies forming behind the cylinder, one
above and one below the central axis of the cylinder. As Reynolds number increases in this regime, the
flow becomes unsteady and velocity oscillates downstream of the cylinder. This flow pattern is known
as the von Kármán vortex street, and is characterized by offset regions of local high vorticity, or rotating
fluid that form in two rows, one above and one below the central axis behind the cylinder [2]. Tritton
(1988) notes that the vortex street travels downstream at a velocity that is smaller than the free-stream
velocity U [2].
From 40 < Re
D
< 80, the two eddies remain attached to the cylinder but their size grows considerably.
When Re
D
increases past 80, the von Kármán vortex street begins to form nearer to the cylinder and the
attached eddies begin to oscillate before shedding periodically from the cylinder. While the eddy on one
side of the cylinder is forming due to circulation of the fluid around the cylinder, the other eddy with
opposite circulation is being shed from the cylinder [3]. Once shed, these eddies join the von Kármán
vortex street [2]. The frequency at which the eddies or vortices detach from the cylinder is the vortex-
shedding frequency f .
The Strouhal number is a non-dimensional number representing the vortex-shedding frequency where
f is the frequency, D is the characteristic length scale (in this case cylinder diameter), and U is the free-
stream flow velocity [2]:
St = f D
U
. (2)
The sub-critical Reynolds number regime is from from 80 < Re
D
< 3 x 105. Throughout this regime, the
boundary layer remains laminar and boundary layer separation occurs near 82± from the frontal stagna-
tion point [3]. In the high sub-critical regime, the wake may become turbulent. Within the sub-critical
Reynolds number regime, 0.2 is an accurate assumption for the Strouhal number of a single smooth
cylinder in cross flow [2].
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From 3 x 105 < Re
D
< 3 x 106, the boundary layer transitions from laminar to turbulent. The turbulent
boundary layer is capable of withstanding a larger adverse pressure gradient than the laminar boundary
layer due to its higher energy content. As a result, the turbulent boundary layer separates near 125± from
the frontal stagnation point [3].
1.3 Flow Past Multiple Infinite Circular Cylinders
As mentioned in Section 1.1, many engineering structures feature multiple closely-spaced objects that
can be subjected to a flow. Each object can be treated as a separate bluff body. A bluff body is an object
that does not have a streamlined geometry to minimize its wake, and therefore experiences drag forces
due to boundary layer separation. When bluff bodies exist close to one another in a flow, the wake of
one body may affect the wake of another. If the bodies are in such close proximity that the flow in the
space between them is affected, or if the wake of one body interacts with the boundary layer of the other,
then the vortex-shedding characteristics of either bluff body may be altered from those expected if either
body was isolated in the flow [4].
1.4 Literature Review
Zdravkovich in 1977 divided two cylinder arrangements into three categories [1]. Tandem cylinders are
located one behind the other, where the angle between cylinders relative to the flow axis is Æ = 0± and
side by side cylinders face the flow together one on top of the other where Æ= 90±. Staggered cylinders
represent all arrangements with 0 < Æ < 90±. Additionally, Zdravkovich discovered that center to center
cylinder spacing has an effect on flow characteristics like Strouhal number.
Kiya et al. in 1980 studied the effect of the angleÆ and P/D spacing between two cylinders of equal diam-
eter in cross flow on the Strouhal number [5]. The authors took measurements of the Strouhal number
for one of the cylinders every 15± from 0 ∑ Æ ∑ 180±. From 0 < Æ < 90± the measurements represented
vortex-shedding from an upstream cylinder and from 90 < Æ < 180± they represented vortex-shedding
from a downstream cylinder. Vortex-shedding frequencies were also recorded at several streamwise and
cross-streamwise locations downstream of the two cylinders. It was found that the vortex-shedding fre-
quency measured varied depending on measurement location.
Zdravkovich in 1987 decomposed multi-cylinder flow interference into four regions: proximity, wake,
proximity and wake, and negligible [4]. Proximity interference occurs when cylinders are close together,
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from 1 < P/D < 3.5 and Æ where the downstream cylinder is not submerged in the upstream cylinder’s
wake. Wake interference occurs when a cylinder is near or in the wake of another. Proximity and wake
interference is a combination of the two. Negligible interference occurred for P/D of about 4 and greater
for side by side cylinders and for various P/D and Æ that did not result in the types of interference listed
above.
Sumner et al. in 2000 used particle image velocimetry (PIV) to study the flow around two circular cylin-
ders of equal diameter in staggered arrangements for sub-critical Reynolds numbers 850 ∑ Re
D
∑ 1900
[6]. From 1.0 ∑ P/D ∑ 1.125 and 0 ∑ Æ ∑ 45±, instabilities in the shear layer from the upstream cylinder
were observed. Between 45 ∑ Æ ∑ 90±, a single low-frequency vortex-shedding process was observed.
P/D spacing of 1.125 to 1.25 and 45 ∑Æ∑ 90±, resulted in a single vortex street for the staggered cylinder
arrangement. From 1.125 ∑ P/D ∑ 4.0 and 0 ∑Æ∑ 20±, the authors saw a reattachment of the inner shear
layer from the upstream cylinder to the downstream cylinder. For 1.125 ∑ P/D ∑ 30 and 10 ∑Æ∑ 30± the
narrow region between cylinders was observed to induce separation and vortex-shedding on the inner
surface of the downstream cylinder. For P/D values ranging from 1.25 to 3.5 and 20 ∑ Æ ∑ 45±, the au-
thors saw pairing of vortices with opposite signs across the gap between cylinders that was enveloped
by the outer shear layer of the upstream cylinder. For P/D spacings from 1.25 to 4.0 and Æ from 20 to
90±, the authors also observed vortex pairing but the gap vortex pair was not completely enveloped by
the outer shear layer of the upstream cylinder. From 1.5 ∑ P/D ∑ 5.0 and 15 ∑Æ∑ 90±, vortex-shedding
on either side of the gap between cylinders was observed to display anti-phase synchronization. In ad-
dition, the authors observed that flow through the gap was deflected away from the free-stream axis into
the wake of the downstream cylinder. This resulted in the upstream and downstream cylinders having
different wake widths and vortex-shedding frequencies. Finally, the authors saw impingement of vor-
tices from the upstream cylinder on the downstream cylinder for P/D from 3.0 to 5.0 and 0 ∑Æ∑ 20±.
Zhou et al. in 2004 measured the dependence of the Strouhal number on P/D spacing and Reynolds
number Re
D
for tandem configurations (Æ = 0±) [7]. The authors experimentally found that Strouhal
number increased rapidly with increasing Reynolds number when Re
D
< 1.3 x 103 and approached a
constant when Re
D








< 1.3 x 103 regime could
be explained by momentum boundary layer scaling. Scaling the dimensionless form of the momentum








Roshko, in 1955 proposed the necessity of a "wake Strouhal number, (St§)" which depends on the ordi-
nary Strouhal number (St) in addition to the base pressure coefficient C
pb
[8]. Williamson et al. in 1998













Equations (3) and (4) describe how an increase in Reynolds number results in decrease in momentum
boundary layer thickness and subsequent increase in Strouhal number.
Mahbub et al. in 2008 used hot wires to measure vortex-shedding frequencies associated with flows
around two tandem cylinders of equal diameter and P/D spacing of 6.0 [10]. Power spectral densities
were recorded to determine which frequencies were present at certain locations in the flow. The authors
found that in between cylinders, one dominant frequency was present, but that behind both cylinders,
two peak vortex-shedding frequencies were identifiable. It was observed that when two shedding fre-
quencies were present, one was identical to that of the upstream cylinder.
Sumner et al. in 2008 measured the dependence of Strouhal numbers on both P/D spacing and an-
gle of flow incidence Æ between two staggered cylinders of equal diameter in cross-flow for sub-critical
Reynolds numbers Re = 3.2 x 104 °7.4 x 104 [11] The authors used a low-speed wind tunnel to generate
the flow and a hot wire probe and anemometer to measure the vortex-shedding frequencies of the up-
stream and downstream cylinder. Flow patterns for P/D < 1.5 were similar to those of a single cylinder
in cross-flow, with both upstream and downstream cylinders having a similar shedding frequency. For
1.5 ∑ P/D ∑ 2.5, the authors observed the presence of different Strouhal numbers for each cylinder when
Æ> 30±. For P/D > 2.5, the authors measured the same Strouhal number for each cylinder for most Æ.
1.5 Objectives
The main objective of this thesis is to investigate how cylinder spacing, angle of flow incidence and
Reynolds number affect the boundary layer separation of the downstream cylinder in a two-cylinder
configuration. A low-speed open-circuit wind tunnel will be used to generate flows in the sub-critical
regime and a hot film sensor will be used to measure vortex-shedding frequencies in the wake of the
5
downstream cylinder. Measurements performed by previous researchers will be repeated in order to
determine if data obtained by these experiments can be corroborated utilizing the experimental con-
figuration from this thesis. In addition, this thesis will investigate the presence of multi-modal vortex-






Several items were designed and manufactured for this experiment. The circular cylinders used were cut
to length from 1/2" Schedule 40 PVC. A special wind tunnel bottom hatch was laser cut from acrylic to
allow the probe with the hot film sensor to be inserted into the test section of the wind tunnel from the
bottom. A locking apparatus was also constructed from acrylic and mounted to this bottom hatch to fix
the probe in place with a set screw during wind tunnel operation. Acrylic side plates were constructed
to secure the cylinders in the wind tunnel test section. The side plates had several different countersunk
holes machined to enable the cylinders to be fixed at different P/D spacings. The cylinders were press fit
onto Delrin plugs at either end that were threaded to enable a fastening screw to secure the cylinders to
the side plates. The cylinders could then be rotated about the axis passing through the parallel center-
line between them by rotating the outside side plate, thus changing Æ. In this experiment, Æ was varied
between 0 and 90± and P/D of 2, 3 and 4 were tested. In addition, measurements were taken for different
Reynolds numbers in the high sub-critical regime by varying the drive frequency of the wind tunnel.
To measure the vortex-shedding frequency, a hot film sensor was inserted into the wake of the down-
stream cylinder in order to capture the periodic vortex detachment. A constant temperature anemome-
ter was used to supply power to the hot film sensor and King’s Law was used to convert the anemometer’s
output voltage into velocity.
2.2 Equipment Configuration
In this experiment, a low-speed open-circuit wind tunnel was used to generate the flow. This wind tun-
nel was manufactured by Engineering Laboratory Design Inc. and had a 0.6096 m x 0.6096 m test section
(see Fig. 2.1). In addition, the wind tunnel was variable frequency drive which allowed the flow velocity
to be adjusted easily.
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Figure 2.1: Open-circuit wind tunnel used in this experiment.
Both cylinders used had diameter D = 0.0213 m and length L = 0.6096 m. The aspect ratio, AR = L/D , was
therefore 28.62. The solid blockage ratio per cylinder in the wind tunnel test section was 3.5 %. This was
the ratio of frontal cylinder area (L x D) to test section area (L x L). Depending on Æ, the maximum solid
blockage ratio for both cylinders in the wind tunnel test section was 7.0 %. A single-component TSI 1201
hot film sensor and TSI 1750 constant temperature anemometer were used to measure vortex-shedding
frequencies in the center of the wind tunnel behind the downstream cylinder (see Fig. 2.2). The hot film
sensor was held in place by a TSI 1210 probe which was inserted into the test section from the bottom of
the wind tunnel.
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Figure 2.2: Side view of cylinder and probe configuration in wind tunnel test section with Pitot-static
tube used to provide reference flow conditions (probe is angled rod sticking up from bottom of wind
tunnel).
The film sensor was constructed from platinum film 50.8 µm in diameter. A Pitot-static tube and Omega
163PC01D36 differential pressure transducer were utilized to provide reference flow velocities. Addi-
tionally, a BK Precision 2120B oscilloscope and Agilent 33210A function generator were used to verify
the frequency response of the hot film sensor (see Appendix A). The DAQ system used to acquire volt-
age signals from the anemometer and pressure transducer consisted of a National Instruments SCXI-
1180/1181 Feedthrough Panel, Breadboard Module and LabVIEW software. A full list of the equipment
used in this experiment has been included in Appendix B.
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2.3 Cylinder Configurations
The cylinder configuration nomenclature used in this experiment includes the pitch P , or center to cen-
ter distance between cylinders, the angle Æ between the flow axis and the line connecting the cylinders,
and the cylinder diameter D (see Fig. 2.3).
Figure 2.3: Schematic of cylinder and probe configuration in wind tunnel test section.
According to [5] and [6], the placement of a hot wire sensor is critical to obtaining accurate vortex-
shedding frequency measurements. The probe with the hot film sensor fixed to the tip was placed at
an approximate distance of x/D = 5 and y/D = 1 in order to capture the vortex-shedding frequency in
the vortex street behind downstream cylinder [11].
2.4 Thermal Anemometer Calibration
Thermal anemometry is the use of an electrically heated probe (hot film sensor) to measure flow velocity.
A constant temperature anemometer utilizes a Wheatstone bridge to supply power to the film sensor,
which constitutes one of the 4 bridge resistances. Supplying electric current to the film sensor causes it to
heat up due the inherent electrical resistance of the sensor’s material, this process is otherwise known as
Joule heating. When subjected to a flow, the film sensor will cool due to convective heat transfer, thereby
changing the resistance that the sensor contributes to the bridge and unbalancing it. An operational
amplifier will then supply more power to the bridge in order to balance it and maintain a constant film
sensor resistance and therefore constant temperature. By measuring the bridge voltage, the flow velocity
can be determined [12]. King’s Law relates the convective heat transfer from a conducting cylinder to the
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electrical input power provided to the cylinder. Assuming negligible losses to conduction and radiation
and that the cylinder has a high aspect ratio, King’s Law can be used to compute the fluid velocity for an




where P is the electrical input power supplied to the cylinder and A, B and n are constants. The Reynolds
number Re
D










From Ohm’s Law, power supplied to the hot film sensor P is proportional to the square of the voltage drop
across the sensor divided by resistance: E 2/R. For the purposes of calibration, the resistance R of the hot
film sensor was assumed to be constant and therefore the power supplied P was considered proportional
to E 2. This enabled King’s Law to be expressed in terms of measurable quantities: (B 0 = 3.328nB).
E
2 = A+B 0(U )n . (7)
In order to calibrate the thermal anemometer, the constants in King’s Law (see Eq. 7) had to be de-
termined. This was done by measuring the output voltage from the anemometer for a variety of wind
tunnel flow velocities. The reference flow velocities were provided by a Pitot-Static tube and an Omega
163PC01D36 Differential Pressure Transducer. A relationship was then made between anemometer out-
put voltage and flow velocity.
The square of anemometer output voltage E 2 was plotted vs. flow velocity U n for different values of
n in order to determine the value of n that gave the highest correlation coefficient. The value of n = 0.5
was found to yield a correlation coefficient of r = 0.9984. The relationship between E 2 and U n is plotted
in Figure 2.4.
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E2 = 3.272 + 1.9926(U)0.5
Figure 2.4: Constant temperature thermal anemometer calibration curve: correlation coefficient r =
0.9984.
Because Equation (7) is in slope-intercept form, constant A can be defined as the y-intercept and con-
stant B 0 can be defined as the slope of a linear fit line to the relationship between E 2 and U n plotted in






respectively. Substituting these values into King’s Law gave:
E
2 = 3.272+1.9926(U )0.5. (8)
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The relationship established between E 2 and U 0.5 by this calibration procedure, evident by the high
correlation coefficient, validated the assumption that the thermal anemometer system followed King’s
Law. With the exception of some deviation at low flow velocities, this relationship is accurately expressed
by Equation (9). The deviation at low flow velocities was an experimental error attributed to the low
signal to noise ratio resulting from the measurement equipment used.
2.5 Testing Procedure
The constant temperature anemometer and hot film sensor were used to measure vortex-shedding fre-
quencies for various cylinder configurations. Measurements were taken for cylinder configurations
ranging from Æ= 0°90±, P/D spacings of 2, 3 and 4, and Re
D
= 1.70e+04, 2.89e+04, and 3.98e+04. Both
cylinders were fixed to a circular side plate with degree markings on the outside of the wind tunnel’s test
section (see Fig. 2.5). The angle of flow incidence, Æ, was varied by rotating the side plate by hand from
the outside of the wind tunnel. By rotating the side plate and aligning an angular indicator line printed
on the outside of the plate, the cylinders were rotated to the desired angle of flow incidence.
After collecting preliminary data at Æ intervals every 5±, it became apparent that the Strouhal number
varied predictably from 20 < Æ ∑ 90±. The relationship between St and Æ from 0 ∑ Æ ∑ 20± displayed
much more interesting and complex behavior for P/D = 2 and 3. Therefore, subsequent St measure-
ments were taken every 2± in this regime and every 10± for the predictable regime 20 < Æ < 90±. For
P/D = 4 and Re
D
= 1.70e+04 and Re
D
= 3.98e+04, measurements were only taken at select Æ since the
trend was apparent (see Figs. C.8 and C.10). The list of measurements taken is included in Table 2.1 and
observations of St behavior for different Æ and P/D spacing are summarized in Table 3.2.
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Table 2.1: Flow incidence angles Æ for which St was measured.




Æ= 0°20±, every 2± Æ= 0°20±, every 2± Æ= 0,4,10,14,20±




Æ= 0°20±, every 2± Æ= 0°20±, every 2± Æ= 0°20±, every 2±




Æ= 0°20±, every 2± Æ= 0°20±, every 2± Æ= 0,4,10,14,20±
Æ= 20°90±, every 10± Æ= 20°90±, every 10± Æ= 30°90±, every 20±
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Figure 2.5: Close-up of the flow incidence adjusting plate.
The P/D cylinder spacing was varied by screwing the two cylinders into different sets of countersunk
holes that were tapped into the circular side plate. A second side plate at the other wall of the wind
tunnel’s test section ensured cylinder rigidity and had identical hole placement. The Reynolds number
based on cylinder diameter Re
D
was varied by adjusting the wind tunnel’s motor frequency.
15
3 Experimental Results
3.1 Strouhal Number Measurements
To measure the frequency of vortex-shedding f , the constant temperature anemometer’s output voltage
was acquired with the SCXI-1180/1181 in LabVIEW at 10 second intervals with a sampling frequency
F
s
= 5000 (Hz). This voltage was then converted into flow velocity using King’s Law (see Equation (9)).
To reduce signal noise, the mean velocity was subtracted from the signal. A Fast Fourier Transform
(FFT) was then performed on the velocity signal in MatLab using Welch’s method. Welch’s method is a
non-parametric method that utilizes FFT to estimate the power spectrum of a signal [13]. The "pwelch"
function in MatLab was used to perform Welch’s method on the velocity data. This process created a
power spectrum of present frequencies in the signal. Each power spectrum presented in this thesis is
the result of 5 averages. The dominant frequencies in the power spectrum were considered to be the
dominant vortex-shedding frequencies. The Strouhal number was then calculated using Equation (2).
Reported Strouhal numbers were not corrected for blockage ratio for the same reasons explained by Kiya
et al. (1980).
3.2 Test Results
3.2.1 Time-synchronous Signal Averaging
Time-synchronous averaging enables a periodic waveform to be extracted from a noisy signal [14]. A
time synchronous average was used to reconstruct the periodic velocity waveform associated with the
dominant vortex-shedding frequency from the downstream cylinder. Utilizing the "tsa" function in Mat-
Lab, the velocity signal obtained with the constant temperature anemometer was broken down into
segments. The "tsa" function then calculated the Discrete Fourier Transform for each segment and then
averaged the power spectra from these segments. An Inverse Fourier Transform then converted the aver-
aged signal back to the time domain. The sampling frequency and dominant vortex-shedding frequency
were input into the MatLab "tsa" function. Time synchronous averages were plotted for various P/D , Æ,
and Re
D
for one period of revolution in the color blue, overlaid on the signal noise present (black). Fig-
ures 3.6, 3.8, and 3.10 represent a cylinder configuration with one strong vortex-shedding frequency.
Figures 3.7, 3.9, and 3.11 represent a cylinder configuration with two predominant vortex-shedding fre-
quencies, one of which is a scalar multiple of the other.
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Figure 3.6: Time-synchronous signal average (blue) for P/D = 2, Æ = 90±: Re
D
= 1.70e+04, overlaid on
signal noise (black). Velocity waveform is plotted for one period of oscillation.
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Figure 3.7: Time-synchronous signal average (blue) for P/D = 2, Æ = 30±: Re
D
= 1.70e+04, overlaid on
signal noise (black). Velocity waveform is plotted for one period of oscillation.
The time-synchronous average for P/D = 2, Æ= 90±: Re
D
= 1.70e+04 in Figure 3.6 extracted a signal that
appears far from a perfect sinusoid. This is in contrast to the signal in Figure 3.7, which appears to be
much closer to sinusoidal. A signal closer to a sinusoidal indicates more regular vortex-shedding events.
A more irregular signal indicates higher frequency shedding variation or more aperiodic vortex-shedding
events.
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Figure 3.8: Time-synchronous signal average (blue) for P/D = 2, Æ = 90±: Re
D
= 2.89e+04, overlaid on
signal noise (black). Velocity waveform is plotted for one period of oscillation.
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Figure 3.9: Time-synchronous signal average (blue) for P/D = 2, Æ = 30±: Re
D
= 2.89e+04, overlaid on
signal noise (black). Velocity waveform is plotted for one period of oscillation.
The time-synchronous average for P/D = 2, Æ= 90±: Re
D
= 2.89e+04 in Figure 3.8 is nearly sinusoidal in
appearance and the signal extracted in Figure 3.9 for Æ= 30± is closest to a sinusoid.
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Figure 3.10: Time-synchronous signal average (blue) for P/D = 2, Æ = 90±: Re
D
= 3.98e+04, overlaid on
signal noise (black). Velocity waveform is plotted for one period of oscillation.
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Figure 3.11: Time-synchronous signal average (blue) for P/D = 2, Æ = 30±: Re
D
= 3.98e+04, overlaid on
signal noise (black). Velocity waveform is plotted for one period of oscillation.
Both time-synchronous averages for P/D = 2, Æ= 90±: Re
D
= 3.98e+04 in Figures 3.10 and 3.11 appear to
be only vaguely sinusoidal.
Those extracted velocity signals with strong sinusoidal appearance correspond to cylinder configura-
tions and Reynolds numbers with strong vortex-shedding frequency peaks in the power spectra. The ex-
tracted velocity signals without sinusoidal appearance are associated with cylinder configurations hav-
ing weak or broad peaks in the power spectra.
3.2.2 Strouhal Number Data
Power spectra were obtained using the process outlined in Section 3.1 for cylinder configurations rang-
ing from 0 ∑ Æ ∑ 90±, P/D spacings of 2, 3 and 4, and Re
D
= 1.70e+04, 2.89e+04, and 3.98e+04. These
power spectra are located in Appendix C, (see Figures C.2 - C.10). The same MatLab program used to
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create these power spectra was also utilized to locate the Strouhal numbers at each power spectrum’s
peaks. The relationship between St , Æ, Re
D
and P/D is displayed in Figures 3.14 - 3.16. Various cylin-
der configurations had two predominant vortex-shedding frequencies, one of which was exactly twice
as large as the other. This is called frequency doubling and indicates that the oscillating velocity signal
was not an exact sine wave, as evidenced by the discussion in 3.2.1 (performing time-synchronous sig-
nal averages signals indicated that the velocity signals obtained in the downstream cylinder’s wake were
periodic but not perfectly sinusoidal). The Strouhal number associated with the lower vortex-shedding
frequency is referred to as the first mode and the Strouhal number associated with the higher vortex-
shedding frequency is referred to as the second mode. Both first and second modes of vortex-shedding
are in-phase. On occasion, three vortex-shedding frequencies were present. When there were three
modes and the first and third were integer multiples of each other, the second mode in between repre-
sented out-of-phase vortex-shedding.
Three predominant vortex-shedding frequencies were present for select configurations. When a third
mode was present, the St for that mode was nearly twice the magnitude of the first mode and the St of
second mode was somewhere in between. Figures 3.12 and 3.13 are select power spectra taken from the
experimental data set in Appendix C. The Strouhal numbers indicated in these power spectra and the
rest of the experimental data set are plotted vs. Æ for different P/D and Re
D
in Figures 3.14 - 3.16.
In Figures 3.12, 3.13, and in several power spectra in Appendix C, there exist labeled peaks which are
broad-banded or non-existent. This indicates a weak signal and a weak or inconsistent vortex-shedding
process [11]. For P/D = 3 and Re
D
= 2.89e+04, weaker vortex-shedding occured from 2 ∑ Æ < 12± and
60 ∑ Æ ∑ 90 ±. For P/D = 4 and Re
D
= 1.70e+04, weaker vortex-shedding occurred at Æ = 0±. Conversely,
sharp, easily recognizable peaks indicate strong vortex-shedding.
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Figure 3.12: St vs. Æ for P/D = 3: Re
D
= 2.89e+04. Each power spectrum has been shifted up 107 from
the previous power spectrum in order to present them all on the same plot. In addition, each power
spectrum is the result of 5 averages.
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Figure 3.13: St vs. Æ for P/D = 4: Re
D
= 1.70e+04. Each power spectrum has been shifted up 107 from
the previous power spectrum in order to present them all on the same plot. In addition, each power
spectrum is the result of 5 averages.
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In Figures 3.12, 3.13 and those in Appendix C, the power spectra peaks were found with MatLab, con-
firmed with visual inspection and labeled. For power spectra of cylinder configurations with weaker
vortex-shedding, the attempt to plot all flow incidence angles Æ in the same figure further broadened
the peaks, making them more difficult to visually locate. To find these broad-banded peaks, the peaks
were located with MatLab and visually confirmed by plotting each individual power spectrum alone for
increased resolution. Occasionally, a peak could not be found using these methods, for example P/D =
3, Re
D
= 2.89e+04 and Æ = 8± (see Fig. 3.12). In these instances the vortex-shedding was considered to
be extremely weak or non-existent.
Table 3.2: St vs. Æ observations.
P/D = 2 P/D = 3 P/D = 4
Æ= 0°4± St increasing rapidly St increasing rapidly St increasing moderately
Æº 6°8± Peak St value Large St value w/ weak signal St increasing moderately
Æ= 10°20± St decreasing Inconsistent trend St increasing moderately
Æ= 20°90± St increasing moderately St increasing moderately St increasing moderately
The relationship between Strouhal number, Æ and Re
D
is plotted for P/D = 2,3,4 in Figures 3.14 - 3.16
respectively.
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Figure 3.14: St vs. Æ for P/D = 2: 1st mode (4, #, 2), 2nd/3rd mode (s,l,n).
In Figure 3.14, the Strouhal number for P/D = 2 can be seen to rapidly increase at low Æ. For Re
D
=
1.70e+04, the 1st mode reached a maximum value of St = 0.23 atÆ= 8±. For Re
D
= 2.89e+04, the 1st mode
reached a maximum value St = 0.26 at Æ = 6±. For Re
D
= 3.98e+04, the first mode reached a maximum
value of St = 0.27 at Æ = 8±. The presence of a large Strouhal number at critical flow incidence angle
Æ º 6°8± is in agreement with Sumner et al. (2003) and (2008). After reaching a maximum value, the
Strouhal number decreased until leveling out atÆ= 20±. St then increased moderately from 20 <Æ∑ 90±
towards the single cylinder value. For P/D = 2 spacing a strong 2nd mode peak was present from Æ= 0±
- 6± and Æ = 16± - 30± for all three Reynolds numbers tested. Smaller 2nd mode peaks were present at
higher Æ. The behavior of St approaching the single cylinder value as Æ increased is in accordance with
Kiya et al. (1980) and Sumner et al. (2008). Overall, the relationship between Æ and St was similar for all
three Reynolds numbers, with all three data sets increasing and decreasing for similar ranges of Æ.
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Figure 3.15: St vs. Æ for P/D = 3: 1st mode (4, #, 2), 2nd/3rd mode (s,l,n).
In Figure 3.15, the Strouhal number for P/D = 3 also increased rapidly at low Æ, however the trend was
not as clean as for the P/D = 2 spacing. For Re
D
= 1.70e+04, the 1st mode reached a maximum value of
St = 0.24 at Æ= 6±, then two modes were present at Æ= 8±, and only the 1st mode St = 0.24 was present
at Æ = 10±. For Re
D
= 2.89e+04, the 1st mode reached a maximum value of St = 0.30 at Æ = 4±, then
decreased to St = 0.19 at Æ= 6±, and no Strouhal number was present at Æ= 8±. For Re
D
= 3.98e+04, the
1st mode reached a maximum value of St = 0.20 at Æ= 6± with a 2nd mode St = 0.39, then decreased to
St = 0.17 at Æ = 8±. No Strouhal number was present for Æ = 10± or Æ = 12±. After reaching a maximum
value, the Strouhal number decreased, increased then decreased before increasing with a consistent
trend towards the single cylinder value. For Re
D
= 1.70e+04, this trend was established at Æ = 18±. For
Re
D
= 2.89e+04 and Re
D
= 3.98e+04 the Strouhal number did not increase monotonically until Æ= 30±.
For P/D = 3 the presence of a strong 2nd mode generally followed the same pattern as the P/D = 2
configuration. Two modes were present at low Æ and reappeared by Æ= 30± for all three Re
D
, and from
Æ = 70°90±, only the 2nd mode of St was detected. P/D = 3 was however, the only spacing to have a
3rd mode of vortex-shedding present in some of the power spectra. This 3rd mode occurred at Æ = 30±
for Re
D
= 1.70e+04, Æ= 30± and 40± for Re
D
= 2.89e+04, and Æ= 30± for Re
D
= 3.98e+04. While there was
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much more confusion in the St trend at lower Æ, the relationship between Æ> 30± and St was similar for
all three Reynolds numbers.
Figure 3.16: St vs. Æ for P/D = 4: 1st mode (4, #, 2), 2nd/3rd mode (s,l,n).
In Figure 3.16, the Strouhal number for P/D = 4 can be seen to increase moderately with Æ. Unlike
P/D = 2 and 3, the P/D = 4 spacing does not have a peak St value near Æ = 8± and instead monotoni-
cally increases from Æ = 0°90± for all three Reynolds numbers tested. In addition, the 2nd mode was
present more often than for P/D = 2 and 3. The stable behavior of vortex-shedding with respect to Æ for
P/D = 4 and the fact that Strouhal numbers for all Æ were close to the single cylinder value of 0.2, indi-
cated that the upstream cylinder had negligible effects on vortex-shedding of the downstream cylinder.
This behavior is consistent with that found by Kiya et al. (1980) and Sumner et al. (2008).
The many cylinder configurations tested displayed various trends between the Strouhal number and
increasing Reynolds number. For tandem cylinder arrangements (Æ= 0±), St decreased with increasing
Re
D
for P/D = 2, this concurred with Zhou et al. (2004). For P/D = 3 and 4, St increased slightly from
Re
D
= 1.70e+04 to Re
D
= 2.89e+04 and decreased from Re
D
= 2.89e+04 to Re
D
= 3.98e+04 this differed
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from the trend predicted by Zhou et al. (2004). For side by side cylinder arrangements (Æ = 90±), St
increased with increasing Re
D
for P/D = 2. For P/D = 3 and Re
D
= 1.70e+04, the 1st mode Strouhal
number was not detected, but St increased from Re
D
= 2.89e+04 to Re
D
= 3.98e+04. For P/D = 4, St de-
creased from Re
D
= 1.70e+04 to Re
D
= 2.89e+04 and increased from Re
D
= 2.89e+04 to Re
D
= 3.98e+04.
No discernible trend between St and Re
D
was observed from 0 <Æ< 20± for P/D = 2,3 or 4. Additionally,
there was no clear correlation between the location of peak St for P/D = 2 and 3 and Reynolds number
Re
D





Strouhal numbers from the downstream cylinder in a two infinite cylinder configuration were measured
experimentally. The cylinders were of equal diameter and placed in cross-flow in a wind tunnel. St mea-
surements were taken for different Æ, the angle between cylinders relative to the flow axis, and different
P/D (dimensionless cylinder pitch) spacing. In this experiment, Æ was varied between 0 and 90± and
P/D of 2, 3 and 4 were tested. In addition, measurements were taken for different Reynolds numbers in
the high sub-critical regime.
Strouhal numbers varied considerably with Æ for P/D spacings of 2 and 3 in the low alpha range Æ =
0 ° 20±, indicating a strong influence of the upstream cylinder on the downstream cylinder’s vortex-
shedding. For P/D = 2 and 3, St increased rapidly from 0 < Æ < 4± and at Æ º 6°8±, St reached a peak
value. St decreased for P/D = 2 in the range of 10 < Æ < 20± and increased towards the single cylinder
value of 0.2 from 20 <Æ< 90±. St for P/D = 3 did not decrease monotonically after reaching a peak value
at Æ º 6°8± like P/D = 2, but similar to the P/D = 2 spacing, St increased towards the single cylinder
value from 20 < Æ < 90±. For P/D = 4, Strouhal numbers increased monotonically from Æ = 0°90± for
all three Reynolds numbers tested, but were never far from the single cylinder value, indicating that the
larger spacing between cylinders reduced the vortex-shedding interference.
The Reynolds number was shown to have only a small effect on Strouhal number in this experiment,
perhaps due to the relatively small range of Re
D
tested. No discernible trend between St and Re
D
was
observed from 0 < Æ < 20± for P/D = 2, 3 or 4. Additionally, there was no clear correlation between the
location of peak St for P/D = 2 and 3 and Reynolds number Re
D
. However, Strouhal numbers in the
range 20 <Æ< 90± generally increased for all P/D with increasing Re
D
.
A large number of P/D andÆ configurations displayed frequency doubling where two dominant vortex-
shedding frequencies were measured, one of which being twice as large as the other. This indicated that
the velocity signal obtained in the wake of the downstream cylinder was not an exact sine wave, which
was confirmed by performing time-synchronous signal averaging. The presence of two modal frequen-
cies represented in-phase vortex-shedding. Three vortex-shedding frequencies were measured on rare
occasion. When there were three modes and the first and third were integer multiples of each other, the
second mode in between represented vortex-shedding that was out-of-phase from the other two modes.
The presence of a second mode of vortex-shedding was observed at a large number of P/D and Æ cylin-
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der configurations, and the rare occurrence of a 3rd mode of vortex-shedding was found at Æ = 30 and
40± for P/D = 3.
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Appendices
A Frequency Response of Thermal Anemometer
To check the frequency response of the thermal anemometer, a square wave was sent into the anemome-
ter’s bridge. A 50 K≠ resistor was connected in series to a function generator supplying a 300 mV, 1 kHz
square wave. For the hot film sensors used, the expected frequency response was f = 1/t , where t is the
pulse width. The frequency response was measured by an oscilloscope to be 100 kHz (see Fig. A.1).
Figure A.1: Frequency response of hot film sensor, oscilloscope settings: 5µs/DIV, 0.1 mV/DIV.
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B Experimental Equipment
· Constant Temperature Anemometer: TSI Model 1750
· Power Supply for Model 1750: TSI Model 1751
· DAQ: National Instruments SCXI-1180/1181 Feedthrough Panel and Breadboard Module
· Hot Film Sensors: TSI Model 1201
· Probe: TSI Model 1210
· 49≠ Control Resistor: TSI Model 1304
· Oscilloscope: BK Precision 2120B
· Function Generator: Agilent 33210A
· 50 K≠ Resistor
· Cables & Adapters
· Omega 163PC01D36 Differential Pressure Transducer
· Pitot-Static Tube
· 24" Low-speed open-circuit wind tunnel: Engineering Laboratory Design Inc.
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C Power Spectra
Figure C.2: St vs. Æ for P/D = 2: Re
D
= 1.70e+04. Each power spectrum is the result of 5 averages.
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Figure C.3: St vs. Æ for P/D = 2: Re
D
= 2.89e+04. Each power spectrum is the result of 5 averages.
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Figure C.4: St vs. Æ for P/D = 2: Re
D
= 3.98e+04. Each power spectrum is the result of 5 averages.
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Figure C.5: St vs. Æ for P/D = 3: Re
D
= 1.70e+04. Each power spectrum is the result of 5 averages.
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Figure C.6: St vs. Æ for P/D = 3: Re
D
= 2.89e+04. Each power spectrum is the result of 5 averages.
41
Figure C.7: St vs. Æ for P/D = 3: Re
D
= 3.98e+04. Each power spectrum is the result of 5 averages.
42
Figure C.8: St vs. Æ for P/D = 4: Re
D
= 1.70e+04. Each power spectrum is the result of 5 averages.
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Figure C.9: St vs. Æ for P/D = 4: Re
D
= 2.89e+04. Each power spectrum is the result of 5 averages.
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Figure C.10: St vs. Æ for P/D = 4: Re
D
= 3.98e+04. Each power spectrum is the result of 5 averages.
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D MATLAB Code










10 filename_1 = '\\samba1\cclark\dcengr\Desktop\Graduate ...
Research\PD3\5_9\PD3_59_hw_fs5k_N50k_25hz.xlsx';
11
12 %xlRange = 'A2:Z500001';
13 xlRange = 'A2:R50001';
14 %xlRange = 'A50001:R100001';
15 V1 = xlsread(filename_1,1,xlRange); % import hot wire voltage readings
16
17 % Vmean = zeros(1,25);
18 % V = zeros(50000,25);
19 % u = zeros(50000,25);
20 Vmean = zeros(1,18);
21 V = zeros(50000,18);
22 u = zeros(50000,18);
23
24 %for col = 1:9
25 for col = 1:18
26 % for col = 1:26
27
28 Vmean(:,col) = mean(V1(:,col)); % calculate mean for each column
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38 range1 = 1:50000;
39 range2 = 50001:100000;
40 range3 = 100001:150000;
41 range4 = 150001:200000;
42 range5 = 200001:250000;
43 range6 = 250001:300000;
44 range7 = 300001:350000;
45 range8 = 350001:400000;
46 range9 = 400001:450000;
47 range10 = 450001:500000;
48
49 range = [range1', range2', range3', range4', range5', range6', range7', ...
range8', range9', range10'];
50
51 pxx = zeros(25001,18);
52 f = zeros(25001,18);
53 St = zeros(25001,18);
54 pks = zeros(25001,18);
55 locs = zeros(25001,18);
56
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64 Fs = 5000;
65 N = 50000;
66 Nx = 50000; %length(u(range10,i));
67 % Window data
68 w = hanning(Nx);
69 nfft = Nx;
70 [pxx(:,i),f(:,i)] = pwelch(u(range1,i),w,0,nfft,Fs);
71
72 % for k = 1:5
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77 %vel = 28.401; % Wind tunnel motor @ 35 Hz: mean wind tunnel velocity [m/s]
78 vel = 20.614; % Wind tunnel motor @ 25 Hz: mean wind tunnel velocity [m/s]
79 %vel = 12.101; % Wind tunnel motor @ 15 Hz: mean wind tunnel velocity [m/s]
80 D = 0.0213; % cylinder diameter [m]













94 [sortedpxx(:,i), sortedInds(:,i)] = sort(pxx(:,i),'descend');
95 top100(:,i) = sortedInds(1:100,i);
96
97 %[pks(:,i), locs(:,i)] = findpeaks(pxx(:,i));

















8 filename_1 = '\\samba1\cclark\dcengr\Desktop\Graduate ...
Research\PD2\5_15\PD2_515_hw_fs5k_N50k_25hz.xlsx';
9
10 xlRange = 'A2:R500001';
11
12 V1 = xlsread(filename_1,1,xlRange); % import hot wire voltage readings
13
14 Vmean = zeros(1,25);
15 V = zeros(500000,25);
16 u = zeros(500000,25);
17
18 % for col = 1:18
19 %
20 % Vmean(:,col) = mean(V1(:,col)); % calculate mean for each column
21 %




26 V = V1;
27




31 Fs = 5000;
32 t = 0:1/Fs:10-1/Fs; % signal sampled at 5000 Hz for 10 s
33








41 tPulse1 = 0:1/F01:max(t);
42
43 ylabel('Amplitude [m/s]')
44 title('Angle = 90 degrees')
45














60 tPulse2 = 0:1/F02:max(t);
61
62 ylabel('Amplitude [m/s]')
63 title('Angle = 30 degrees')
64 tsa(u(1:50000,7),Fs,tPulse2, 'Method', 'fft')
65
66
67 toc
50
